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Fine-scale structure of the San Andreas fault zone and location of the SAFOD target earthquakes [1] We present results from the tomographic analysis of seismic data from the Parkfield area using three different inversion codes. The models provide a consistent view of the complex velocity structure in the vicinity of the San Andreas, including a sharp velocity contrast across the fault. We use the inversion results to assess our confidence in the absolute location accuracy of a potential target earthquake. We derive two types of accuracy estimates, one based on a consideration of the location differences from the three inversion methods, and the other based on the absolute location accuracy of ''virtual earthquakes.'' Location differences are on the order of 100-200 m horizontally and up to 500 m vertically. Bounds on the absolute location errors based on the ''virtual earthquake'' relocations are $50 m horizontally and vertically. The average of our locations places the target event epicenter within about 100 m of the SAF surface trace.
Introduction
[2] One of the many exciting scientific components of the San Andreas Fault Observatory at Depth (SAFOD) project is the opportunity to drill into the rupture patch of a magnitude $2 earthquake (Figure 1 ). This opportunity presents an enormous challenge, though, first requiring targeting of the main SAFOD borehole close enough to the rupture patch for a subsequent satellite corehole to reach it ($100 m), and then requiring knowledge of the target hypocenter to an absolute accuracy of about 10 m to allow intelligent targeting of the satellite corehole. Relative location techniques capitalizing on waveform alignment methods have achieved this level of relative location accuracy [e.g., Rubin et al., 1999; Ellsworth, 2000, 2002; Rowe et al., 2002] , but the same claim cannot be made for absolute location accuracy.
[3] We present the results from the tomographic analysis of earthquake and explosion arrival time data from the Parkfield area, using three different inversion codes. The models provide a consistent view of the complex crustal structure in the vicinity of the San Andreas fault (SAF) in Parkfield. We also use these inversions to explore and assess our confidence in the absolute location accuracy of a potential SAFOD target earthquake that occurred in March 2001. This work improves upon the preliminary results of Thurber et al. [2003] by incorporating data from the borehole seismic string deployed in the SAFOD Pilot Hole in July 2002 and from shots detonated in October 2002, as well as including data from nearly twice as many earthquakes. We also derive two types of accuracy estimates, one based on a consideration of the location differences from the three inversion methods and the other based on the absolute location accuracy of ''virtual earthquakes'' (shot data from SAFOD Pilot Hole receiver gathers treated as if they were earthquakes). We conclude that further improvement in the location accuracy is required to help in targeting the initial phases of SAFOD drilling. Fortunately, new active-source data collected in November 2003 should provide enough new constraints to reach the initial accuracy goals. [5] Nearly 90,000 arrival times (65% P, 35% S) from over 800 local earthquakes and about 100 explosions were included in joint inversions for earthquake locations and 3D Vp and Vp/Vs structure. The data were obtained from PASO, the UC-Berkeley High Resolution Seismic Network (HRSN), field projects in 1994 [Li et al., 1997] and 1998 [Hole et al., 2001; Catchings et al., 2002] , and from the USGS Central California Seismic Network. The sample rates for the PASO and the USGS stations are 100 sps, whereas it is 250 sps for the HRSN.
Dataset and Tomographic Inversion Methods
[6] The arrival time data were inverted using 3 different tomography codes. The code simul2000 [Thurber and Eberhart-Phillips, 1999] was used to determine a 3D model with mostly kilometer-scale gridding, and also a ''focused'' 2D model with 500 m grid spacing near the fault. The double-difference tomography code tomoDD [Zhang and Thurber, 2003] was also used to derive a kilometer-scale model. Initial models for these inversions included a modest ($0.6 km/s) across-fault velocity contrast. Finally, the code tomoGRAV [Roecker et al., 2004 ] was used to model the structure with as fine as 200 m gridding, using a onedimensional starting model. As the name implies, tomoG-RAV jointly fits arrival time data and gravity residuals using a local velocity-density relationship. The gravity data [McPhee and Jachens, 2004] , which were obtained at much more closely spaced points than our seismic stations, provide valuable constraints where the seismic data are sparse, especially in the near surface between seismic station sites. For additional details on the joint seismicgravity inversion, the reader is referred to Roecker et al. [2004] .
[7] Figure 3 compares cross-sections normal to the SAF through the Pilot Hole for the 3D simul2000 and tomoDD models. For examples of how the structure varies along strike of the fault, the reader is referred to Thurber et al. [2003] . The earthquake locations are more tightly clustered in the tomoDD result on the right, as expected. Otherwise, the model results are quite comparable. The fault zone is marked by a sharp horizontal velocity gradient that steps several hundred meters northeastward at about 2 km below sea level, which is the depth at which seismicity begins. Note that below 5 km depth, we are losing resolution. To the northeast of the fault zone, we find a relatively low velocity region extending to a depth of about 4 km. Southwest of the fault zone, there is a high velocity body adjacent to the area of seismicity. These main features are prevalent in other cross-sections and in our other models.
[8] Figure 4 shows two different attempts to push towards higher spatial resolution in our modeling. On the left is a 2D model obtained with simul2000. Here, data from sources and receivers only within a bow-tie-shaped region centered on the SAF trace (indicated in Figure 2) were included in the inversion. On the right is a slice through the 3D model from the joint seismic-gravity inversion. The model features are generally similar to each other and to the two preceding models, but there are some noteworthy differences in the tomoGRAV model. Southwest of the fault, there is a velocity reversal at depths ranging from 3 to 5 km. Beneath the fault, the lateral velocity gradient is more evident to a greater depth. Northeast of the fault, the low velocity region extends to a significantly greater depth.
[9] It is illuminating to compare the main features of the seismic results to the resistivity models of Unsworth et al.
[2000] and Unsworth and Bedrosian [2004] for the same section. The seismic and MT models bear a strong similarity. Inferred basement depth differences on the two sides of the fault are comparable. The high velocity body southwest of the fault matches the highly resistive body in the MT model. The very low resistivity region at shallow depths between the Pilot Hole and the SAF aligns with the low velocity region adjacent to the fault, a zone inferred to be fluid-rich. Finally, the low velocity region northeast of the fault corresponds quite well with the northeastern low resistivity zone in the MT model (referred to as the Eastern Conductor) [Unsworth and Bedrosian, 2004] , also inferred to be fluid-rich.
Target Earthquake Location Uncertainty Estimates
[10] For the purposes of SAFOD, the most important information we need to provide is the location of the target [Catchings et al., 2002] , the dotted line indicates the cross-section for the models presented in Figures 3 and 4 , and the large shots are indicated by stars. The dashed lines enclose the stations and sources included in the 2D inversion (all were included in the 3D inversion). Lower left inset: comparison of four estimates of the target event epicenter (see Table 1 ). THURBER ET AL.: SAFOD 3D STRUCTURE, EARTHQUAKE LOCATIONS L12S02 magnitude 2 earthquake. Table 1 lists the location estimates from the four solutions relative to the location of the SAFOD Pilot Hole; the epicenters are shown in the inset in Figure 2 . The average of the four estimates places the earthquake about 1 km E and 1.3 km N of the Pilot Hole, at a little less than 3 km below the surface. The RMS scatter in these locations is about 100 m horizontally and 180 m vertically. Linear and fully nonlinear estimates of the location uncertainty for the individual locations are of a similar size.
[11] Unfortunately, these estimates only provide relative location uncertainties. In order to provide an absolute error estimate, we make use of the ''virtual earthquakes.'' Using arrival times measured at each borehole geophone for all of the October 2002 shots, we assemble a ''receiver gather'' of all the shots observed at a given geophone and treat the data as if it came from an ''earthquake'' in the Pilot Hole recorded at ''stations'' located at the shot points (our ''virtual earthquake''). When we locate these ''virtual earthquakes'' in our models, the absolute location errors are on the order of 50 m horizontally and vertically. The deepest ''virtual earthquakes'' are less than 2 km away from the target earthquake region, so this provides us with confidence that our absolute locations are of high quality. We also locate each of the October 2002 shots individually, treating them as earthquakes. Location errors for shots close to the center of the array are on the order of 100 m or less horizontally and vertically, whereas for the shots around the perimeter of the array, location errors are about a factor of two larger.
Discussion and Conclusions
[12] The average of our target event locations places its epicenter within about 100 m of the SAF surface trace, about 1.7 km NNE of the SAFOD site. Location differences from the four tomography solutions are on the order of 100 -200 m horizontally and up to 500 m vertically, probably due to differences in model gridding, travel time calculation method, and solution regularization. Thus we have not yet reached the necessary $100 m accuracy level. In contrast, typical absolute location errors based on the ''virtual earthquake'' relocations are $50 m horizontally and vertically. This suggests that our location accuracy goal can be reached, in principle.
[13] What can be done to improve our locations? In November 2003, a major active-source experiment was carried out around Parkfield. These new data will provide strong constraints on our velocity models, and should help reduce the disagreements among the different models. We will also have another critical opportunity to refine and assess our models and locations after Phase 1 of SAFOD drilling is completed. The drilling will be halted while the borehole is still in relatively intact bedrock outside the fault zone, at which point a borehole geophone will be installed at the bottom of the hole for approximately one year of monitoring. A number of small shots will be carried out, giving us an additional ''virtual earthquake'' that will be only about a kilometer from the target region, helping us to refine further the accuracy of our target event location.
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